Pseudomonas sp. strain P51 is a recently isolated bacterium able to use chlorobenzenes as sole carbon and energy sources (49, 50) . With the current interest in environmental pollution, increasing numbers of bacterial strains that degrade organic chemicals are being described (35) . These strains offer the unique possibility of studying the evolution of bacterial metabolism in response to new substrates, such as xenobiotic compounds.
Bacteria that degrade chlorinated catechols via the chlorocatechol oxidative pathway (35) , such as Pseudomonas sp. strain P51 (49, 50) and strain B13 (11, 12) , Pseudomonas putida(pAC27) (7, 8) , and Alcaligenes eutrophus JMP134 (pJP4) (10, 43) , express specialized enzymes capable of converting chlorinated substrates. Sequence analysis showed a strong homology among the tcbCDEF (48) , cicABD (16) , and tfdCDEF (18, 19, 32, 33) gene clusters. The high similarity in the functions and deduced sequences of the key enzymes in this metabolic pathway, such as catechol 1,2-dioxygenases (12, 18, 21, 28, 33, 48) , cycloisomerases (19, 26, 33, 43, 48) , and hydrolases (33, 43, 44, 48) , suggests that the chlorocatechol oxidative pathway originated from common metabolic pathways, such as that of catechol and protocatechuate degradation in Acinetobacter calcoaceticus (21, 28, 30) or pseudomonads (3, 30) . However, new pathways, such as the chlorocatechol oxidative pathway, need, in addition to altered enzymatic activities (12, 26, 35, 43, 44, 48) , fine-tuning of regulatory functions, such as inducer recognition. Mutation studies with TOL plasmid-encoded regulatory gene xylS showed that new metabolic substrates for the TOL pathway could be selected on the basis of their ability to function as inducers for the altered XylS protein (1, 34) .
Preliminary studies on the regulation of the tfdCDEF clus-* Corresponding author.
ter and of the tfdA and tfdB genes (20, 24, 25) and (partial) sequence analysis of flanking regions of the tfdCDEF (32, 33) and clcABD (16, 32) clusters indicated that the expression of those gene clusters was regulated by proteins that showed homology to the LysR family of transcriptional activator proteins (22, 23) . This group also includes the well-studied NahR (41, 42, 52) , CatR (37) , and CatM (29) proteins, which are all involved in regulating the metabolism of aromatic compounds. In previous studies, preliminary evidence for the presence of a regulatory gene of the tcbCDEF gene cluster which would be located upstream of tcbC was obtained (48, 50) . This paper describes the cloning and characterization of this regulatory gene, tcbR, as well as an analysis of the promoter regions of both the tcbC and tcbR genes, on which TcbR exerts its activity. The results show that TcbR is a member of the LysR family of transcriptional activator proteins.
MATERIALS AND METHODS
Bacterial strains and plasmids. Pseudomonas sp. strain P51 (49, 50) contains plasmid pP51 and is able to use dichlorobenzenes (Dcb+) and 1,2,4-trichlorobenzene (Tcb+) as sole carbon and energy sources. P. putida KT2442 (15) is a rifampin-resistant (Rif), plasmid-free derivative of strain mt-2 and was used as a recipient strain for pKT230-derived plasmids containing pP51 DNA fragments. Escherichia coli DHSa and TG1 (38) were used for routine cloning experiments with plasmids and M13 phages, respectively. E. coli BL21(DE3) carrying the T7 RNA polymerase gene under the control of the lacUV5 promoter and harboring plasmid plysS, which expresses the T4 lysozyme gene (47) , was used for the T7-directed expression of pET8c-derived plasmids (36) . E. coli HB101(pRK2013) (13) (51) . pTCB1 and pTCB45 (50) contain the tcbCDEF chlorocatechol oxidative gene cluster and the tcbR gene of plasmid pP51 and were used as the sources for the cloning and expression experiments described here. Plasmids pTCB66 and pTCB77 contain an intact tcbR gene (see Fig. 1A ). A frameshift mutation was introduced into the tcbR gene of plasmid pTCB77, resulting in plasmid pTCB77A. This was done by removing the 3'-protruding ends of the SstII-linearized plasmid by using the exonuclease activity of Klenow polymerase, recircularizing the plasmid, and transforming E. coli. Plasmids pTCB75 and pTCB76 carry the tcbCDEF gene cluster and an intact tcbR gene on a 10.0-kb HpaI-SstI fragment isolated from pTCB45. This fragment was inserted into pKT230 which was digested with HpaI and SstI (pTCB75) or into pKT230 which was first digested with EcoRI, then subjected to Klenow polymerase treatment, and finally digested with SstI (pTCB76). The tcbR gene was inactivated in plasmid pTCB74 (see Fig. 1B ). The mutation was introduced in tcbR by first cloning the 1.5-kb EcoRI-SstI fragment containing tcbR separately in pUC19 (pTCB56) and subsequently digesting the resulting plasmid with SstII and treating it with Klenow polymerase (pTCB56A). The 1.5-kb EcoRI-SstI fragment of pTCB56A was then isolated and ligated with the 8.5-kb HpaI-EcoRI fragment of pTCB45 containing tcbC-DEF and with pKT230 which was digested with HpaI and SstI. After transformation in E. coli, plasmid pTCB74 resulted.
Media and culture conditions. Pseudomonas sp. strain P51 was grown on minimal medium containing 3.2 mM 1,2,4-trichlorobenzene (1,2,4-TCB) or 10 mM succinate at 30°C (50) . P. putida was grown at 30°C on LB (38) or on M9 minimal medium (38) containing one of the following carbon sources: 10 mM succinate, 10 mM 3-chlorobenzoate (3-CB), or 10 mM benzoate. E. coli was cultivated at 37°C on LB. Antibiotics were added in the following amounts: ampicillin, 50 ,ig/ml; kanamycin, 50 ,ug/ml; and rifampin, 50 jig/ml. When necessary, media were supplemented with 0.004% 5-bromo-4-chloro-3-indolyl-,-D-galactoside or 1.0 mM isopropyl-3-D-thiogalactopyranoside (IPTG).
DNA manipulations and sequence analysis. Plasmid DNA isolations, transformations, conjugative crosses, and other DNA manipulations were carried out as described earlier (50) or by established procedures (38 (38) . In each assay, approximately 10,000 cpm of a labeled fragment was used. Binding reactions were carried out for 15 min at 20°C, after which the samples were electrophoresed through a 5% native polyacrylamide gel. Subsequently, the gels were dried and exposed to X-ray film.
Protein determinations. Concentrations of proteins in cell extracts were determined as described by Bradford (6) .
Nucleotide sequence accession number. The nucleotide sequence presented in this article has been deposited at GenBank under accession number M57629.
RESULTS
DNA sequence and expression analysis of tcbR. In a previous study (48) , we showed that the expression of the tcbCDEF gene cluster in E. coli was affected by an upstream region. Therefore, the region of plasmid pP51 immediately 3702 VAN DER MEER ET AL. regulatory gene (Fig. 1A) . The nucleotide sequence of the 1,877-bp BamHI-SstI fragment of pP51 DNA preceding the tcbCDEF gene cluster was determined. The results (Fig. 2) revealed one large open reading frame from positions 357 to 1241 (designated tcbR; see below), starting with an ATG start codon and preceded by a potential ribosome binding site (45) . The open reading frame was found to be oriented in the opposite direction to the tcbCDEF gene cluster. The tcbR gene could encode a protein of 294 amino acid residues with a calculated molecular mass of 32,025 daltons. A second possible start codon was found at position 408 and was also preceded by a potential ribosome binding site.
Expression of the tcbR gene was analyzed in E. coli BL21(DE3) by cloning of the 1.1-kb NcoI-HindIII fragment of pTCB66 in vector pET8c, which had been digested with NcoI and HindIII, yielding plasmid pTCB77. In this construction, the tcbR coding region is fused with the ATG start codon present on the T7 expression vector pET8c (36) . The expression of a polypeptide of approximately 30 kDa could be seen upon induction of E. coli BL21(DE3) harboring plasmid pTCB77 (Fig. 3) . This size was in agreement with that predicted from the sequence of the tcbR gene. When a frameshift mutation was introduced into the tcbR gene, as in plasmid pTCB77A, the 30-kDa protein was no longer produced. Instead, a smaller, truncated protein of 12 kDa was synthesized (Fig. 3) ; this size corresponded to that predicted from the out-of-frame gene fusion from the first ATG at position 357. Both protein bands were absent in E. coli BL21(DE3) harboring the vector pET8c. Furthermore, a second protein band of 19 kDa was observed upon induction of E. coli BL21(DE3) harboring plasmid pTCB77. Because the introduction of the frameshift mutation abolished the synthesis of this protein (Fig. 3, lane 4) , we assume that it was a degradation product of TcbR.
Homology of TcbR with LysR-type transcriptional regulators. Comparison of the deduced amino acid sequence of TcbR with those of members of the LysR family by a FASTA alignment (31) revealed clear similarities (Fig. 4) . Assuming that the tcbR gene starts at position 357 (Fig. 2) , the homology was highest in the N-terminal helix-turn-helix motif which is presumed to be the DNA binding region of these proteins (22, 23) . Good homology was observed with amino acid sequences deduced from regulatory genes involved in aromatic metabolism, such as those for CatR of P. putida (31.4% identity in 283 amino acids [37] ), CatM of A. calcoaceticus (31.2% in 247 amino acids [29] ), or NahR of P. (Fig. iB) . Table 1 shows the expression of catechol 1,2-dioxygenase activity obtained when P. putida strains harboring different constructs were grown on different media. To distinguish between endogenous catechol 1,2-dioxygenase activity and the activity of the tcbC gene product, we used both catechol and 3-CC as substrates in the enzyme assay (12, 50 (16), tfdA (46) , and tfdCDEF (32, 33) , respectively, and their homology to LysR was observed previously (23) . Symbols: ., identical amino acid residues; -, gaps needed for optimal alignment; *, strongly conserved residues involved in the helix-turn-helix N-terminal parts of the proteins. Numbers indicate the positions of the amino acid residues in the total sequence as well as the total lengths of the deduced proteins.
follows: growth on benzoate still resulted in the induction of tcbC-encoded catechol 1,2-dioxygenase activity, whereas growth on 3-CB no longer resulted in the elevated expression of tcbC, which was measured with 3-CC as a substrate. Surprisingly, P. putida(pTCB74) was still able to grow on 3-CB as the sole carbon and energy source, albeit at a much lower rate than P. putida harboring pTCB1, pTCB75, or pTCB76. This growth was probably the result of the residual expression of tcbC, also observed under noninducing conditions, such as growth on succinate. We conclude from these results that an active tcbR gene product is required for the induction of the expression of tcbC upon growth on a chlorinated compound such as 3-CB.
Determination of transcription start sites of tcbC and tcbR. The transcription start sites of tcbC and tcbR in Pseudomo- (Fig. 5) . A single transcription start site was detected for tcbC. The extension product of tcbC was only observed with RNA isolated from cultures that had been grown on 1,2,4-TCB and not with RNA isolated from succinate-grown cultures. This result indicated that the transcription of tcbC is induced by growth on 1,2,4-TCB but not by growth on succinate. In contrast, when RNA was isolated from cultures grown on 1,2,4-TCB or succinate, the synthesis of an identical extension product specific for tcbR resulted. This result indicated that tcbR transcription is at least partially constitutive and initiated at the same start site. The start sites of the divergent transcripts were located in close vicinity on the opposite strands. DNA binding activity of the tcbR gene product. To determine whether the activation of tcbC gene expression was due to a direct interaction of the tcbR gene product with the mapped tcbC promoter region, we performed a series of DNA binding experiments. Cell extracts of E. coli BL21 (DE3) harboring pTCB77 and induced by IPTG and of Pseudomonas sp. strain P51 were tested for the ability to bind in an electrophoretic mobility shift assay to a 0.38-kb EcoRI-BamHI fragment that contained the promoter regions of tcbC and tcbR (Fig. 1A) . As a negative control, a 0.40-kb XhoI-HindIII fragment originating from the tcbD gene was used (Fig. 1A) . Figure 6A shows a clear shift of the labeled EcoRI-BamHI fragment incubated with a cell extract of E. coli(pTCB77), in which tcbR was expressed. This shift was not observed with the labeled XhoI-HindIII control fragment. Similarly, no retardation was observed with induced E. coli cell extracts harboring pET8c alone or pTCB77A, which expresses a truncated TcbR protein. by adding 0.5 ,g of unlabeled plasmid pTCB48 (50) , which contains the cloned promoter region and the tcbC gene, but not by adding 0.5 ,ug of unlabeled plasmid pUC18. Preliminary purification of the TcbR DNA binding activity from cell extracts of E. coli BL21(DE3) harboring pTCB77 showed that the activity could be attributed to the 30-kDa protein (27) . A similar specific retardation of the promoter fragment was observed with cell extracts of Pseudomonas sp. strain P51 (Fig. 6B) , indicating that this strain contains DNA binding activity most probably caused by the tcbR gene product. From these results, we conclude that the TcbR protein binds specifically to a fragment containing the divergently located promoter regions of the tcbC and tcbR genes. with IPTG-induced cell extracts of E. coli BL21(DE3) containing various expression plasmids and the pTCB48 EcoRI-BamHI promoter fragment (48EB) or with the pTCB48 XhoI-HindIII control fragment (48XH). Lanes: 1, 48EB, no extract added; 2, 48EB plus 0.5 pLg of cell extract of E. coli(pTCB77); 3, 48EB plus 1.0 ,ug of cell extract of E. coli(pTCB77); 4, 48EB plus 2.0 ,ug of cell extract of E. coli(pTCB77); 5, 48EB plus 2.0 ,ug of cell extract of E. coli (pTCB77A); 6, 48EB plus 2.0 ,ug of cell extract of E. coli(pET8c); 7, 48XH, no extract added; 8, 48XH plus 2.0 ,ug of E. coli(pTCB77); 9, 48EB plus 1.0 ,ug of cell extract of E. coli(pTCB77) and 0.5 ,ug of pTCB48; 10, 48EB plus 1.0 ,ug of cell extract of E. coli(pTCB77) and 0. [22] ), a helix-turn-helix motif in the N-terminal part, divergent transcription from the gene cluster which is regulated, and specific binding to a DNA fragment containing the promoter region of this cluster. Although the complete sequences of the regulatory genes from chlorocatechol oxidative gene clusters have not been reported, the high homology (62.6 to 76.3%) of the deduced amino acid sequences of the N-terminal parts of ClcR (translated from part of the nucleotide sequence upstream of the clcABD operon [16] ), TfdS (translated from part of the sequence upstream of tfdA [46] ), and TfdX (translated from part of the sequence upstream of the tfdCDEF gene cluster [32, 33] ) strongly suggests that these proteins constitute a subgroup within the (16) (20, 24) . Preliminary studies have shown that cell extracts of E. coli overproducing TcbR also retard DNA fragments that contain regions immediately upstream of tfdCDEF (27) , suggesting similar mechanisms of regulation of the chlorocatechol oxidative operons. This possibility would reinforce the close similarity that was also observed for the genetic organization and DNA sequence of these clusters (18, 19, 33, 48) .
Among the regulatory proteins of the LysR family, both negative and positive regulators are found. CatM was shown to be a negative regulator (29) , as was TfdS (25) , whereas NahR (41, 42, 52) , CatR (37), and LysR (22) belong to the class of positive regulators. Our results suggest that TcbR is a positive regulator, since in its presence tcbC-encoded catechol 1,2-dioxygenase activity was much higher in P. putida KT2442 (Table 1) . However, low constitutive expression of tcbC was observed in the absence of induction in both P. putida and Pseudomonas sp. strain P51 (50) . Analysis of the tcbR-tcbCDEF regulatory system is hindered by several factors. In E. coli, transcription from Pseudomonas promoters by E. coli RNA polymerases was found to be inefficient (48, 50) . In P. putida KT2442 grown on benzoate, the role of the tcbR gene product can probably be taken over by the product of the catR gene, which regulates the expression of the chromosomal catA gene. Although our results (Table 1) showed that in P. putida containing the tcbCDEF genes catA expression can be induced by CatR even upon growth on 3-CB, they also showed that CatR probably is not able to activate the transcription of tcbC upon growth on 3-CB. It is very likely that 3-CB itself is not the inducing compound for the tcbCDEF-encoded pathway, since 3-CB is not a substrate of the wild-type strain P51 (50) . The inducer may be 2-chloromuconic acid, similar to the situation in the catA-and catBC-encoded pathways of P. putida and A. calcoaceticus, in which muconate is the inducer (28, 29, 37) .
Mapping of the transcription start sites of tcbC and tcbR in Pseudomonas sp. strain P51 allowed us to identify their promoter sequences ( Fig. 7 and 8 ). Both promoter sequences were located on opposite strands and partially overlapped (Fig. 8) . The operon organization of the tcbCDEF gene cluster, as determined previously (48) , suggests that these genes are transcribed from the same, tcbC, promoter. The sequence of the promoter region of tcbC could be aligned with several promoter region sequences derived for catabolic genes in Pseudomonas spp. (Fig. 7) (9) . It showed good homology with the nahA (40) and catB (4) promoter region sequences with respect to the -35 box TTGGAC recognized by the cr70-activated RNA polymerase in Pseudomonas spp.
(9). The -10 box was more variable among the promoter region sequences, but the sequence TAGCAT of the tcbC promoter resembled that of the promoters of both nahA and catB. A striking difference was found when the tcbC promoter region was compared with the reported clcA promoter sequence (16) . However, we found that the nucleotide sequences of both regions were highly conserved (Fig. 7B) and that the cIcA region contained sequences identical to the -35 and -10 boxes of tcbC. The different start site that was reported for clcA (16) could have been due to the different and indirect method that was used in its determination. The promoter region of tcbR partially overlapped that of tcbC, which was located on the opposite strand. The -35 box TCCAAT and the -10 box TCGTTA of the tcbR promoter showed, however, less homology with the consensus promoter sequences described for constitutive Pseudomonas promoters (Fig. 7C) (9) .
Analogous to other systems, the ability of the TcbR protein to activate the transcription of tcbC would depend on TGCCTAGCATTCACTCG TCCCG CGTCAATCCGGACCGGGCAAACCGACAAAGGAGACCGGGATGAACGAACGAG TGAAGCAGG TTGCG TCC  TTAAACCATAACC TGCCG TACCGGCCGCGACGGATCGTAAGTGAG CAGGGCGCAG TTAGGCC TGGCCCGTTTGGCTG TTTCC TCTGGCCCTAC TTGCTTGCTCAC TTCGTCCAACGCAGG (17) . In fact, the TcbR protein binds specifically with a region containing the promoters of tcbC and tcbR. Comparison of this region with the binding sites of the NahR and NodD proteins (14, 41) revealed a number of consensus nucleotides (Fig. 8) which are known to be involved in the binding of those regulatory proteins.
Further analysis of the specific specialized features of TcbR and the tcbR-tcbCDEF regulatory circuit, which arose in response to environmental stress with chlorinated benzenes, may provide more insight into the importance of the fine-tuning of regulatory systems as a means of adaptation to novel substrates.
